The EBNA1 protein of Epstein-Barr virus enables plasmids carrying oriP both to duplicate and to segregate efficiently in proliferating cells. EBNA1 recruits the origin recognition complex (ORC) to establish a replication origin at one element of oriP, DS (dyad symmetry); at another element, FR (family of repeats), EBNA1 binds to an array of sites from which it tethers plasmids to host chromosomes for mitotic stability. We report experiments leading to the conclusion that tethering by EBNA1 to host chromosomes is also needed within interphase nuclei in order for plasmids to be replicated efficiently from oriP. The DNA-binding domain of EBNA1, which lacks chromosome-binding ability, was found to support weak, DS-specific replication in HEK293 cells after transient transfection, being 17% as active as wild-type EBNA1. The low efficiency of replication was not due to the failure of the DNA-binding domain to retain plasmids within nuclei, because plasmids were recovered in similar amounts and entirely from the nuclear fraction of these transiently transfected cells. A derivative of EBNA1 with its chromosome-tethering domains replaced by a 22-amino-acid nucleosome-binding domain was fully active in supporting oriP functions. The implication is that EBNA1's DNA-binding domain is able to recruit ORC to DS, but either this step or subsequent replication is only efficient if the plasmid is tethered to a host chromosome. Finally, with some cell lines, DS can hardly support even transient plasmid replication without FR. A loss of plasmids lacking FR from nuclei cannot account for this requirement, suggesting that the stronger tethering to chromosomes by FR is needed for plasmid replication within the nuclei of such cells.
T wo distantly related gammaherpesviruses, Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV), are each associated with diverse human tumors, infect cells latently as part of their normal life cycles, and can drive these cells to proliferate (1, 2) . In latent infections, the circularized viral chromosomes are replicated during S phase of the cell cycle and associate with condensed human chromosomes through mitosis to ensure safe passage of viral chromosomes to daughter nuclei. A single virus-encoded protein, EBNA1 of EBV or LANA of KSHV, forms a tether holding the viral chromosome to human chromosomes. EBNA1 and LANA also recruit the cellular origin recognition complex, ORC, to specific sites on their respective viral chromosome where replication may initiate during S phase (3, 4) . EBNA1 and LANA have no sequence homology and at most share a very distant common ancestor for their DNA-binding domains (5) . EBNA1 and LANA bind to unrelated sequences, they bind to chromosomes using different mechanisms (6, 7) , and they may recruit ORC differently as well. This parallel evolution raises an interesting question: why for each virus did a single protein evolve to perform two functions that lack any obvious connection, defining a replication origin by recruiting ORC and tethering to human chromosomes for mitotic segregation?
It has long been suspected that plasmids derived from EBV and KSHV need to be tethered to human chromosomes in the nucleus during S phase in order to replicate efficiently, because removal of the chromosome-binding domains from EBNA1 or LANA greatly reduces the accumulation of replicated plasmids in transiently transfected cells. It is important to know whether such a functional relationship truly exists, however, or is merely apparent. Tethered plasmids are recovered at higher levels from transfected cells in large part because they survive better, an effect that is obvious in several published experiments but seldom acknowledged. In addition, untethered plasmids would have less opportunity to be replicated than tethered plasmids if they have spent less time within nuclei-an issue that has not been addressed. The published evidence for EBV is discussed below (for KSHV, see Discussion).
EBNA1 acts at a bipartite locus, oriP, to maintain EBV chromosomes in mitotically active, latently infected cells ( Fig. 1 ) (for a review, see reference 4). By binding to FR (family of repeats) of oriP, an array of ϳ20 high-affinity EBNA1-binding sites, EBNA1 confers mitotic stability to plasmids (8) by tethering them to mitotic chromosomes (7, 9, 10) . The other component of oriP, called DS (dyad symmetry), functions as an EBNA1-dependent replicator (11) (12) (13) , which although essential for small plasmids, is redundant for the EBV chromosome (14) . With four EBNA1-binding sites, DS has only weak tethering ability (13) . What defines DS as a replicator is a 21-bp center-to-center spacing within pairs of EBNA1-binding sites (15, 16) , although binding by TRF2 (telomere repeat factor 2) at three sites surrounding the pairs of EBNA1 sites plays an ancillary role (17, 18) . While the C-terminal DNAbinding domain binds to sites at oriP, two N-terminal domains called LR1 and LR2 (linking regions 1 and 2) bind to mitotic chromosomes (7, 19) . Both LR1 and LR2 have AT hook motifs and activity for binding AT-rich DNA (20) , although the region of LR1 that binds zinc and the cellular factor bdr4 (21, 22) also contributes to chromosome binding (7) . The arginine-rich regions with AT hook activity also bind RNA, and it has been proposed that binding to RNA mediates both chromosome tethering and recruitment of ORC (23, 24) .
Four published studies have correlated deletions of LR1 and LR2 from EBNA1 with a loss of the capacity to support short-term replication of plasmids carrying oriP (10, 19, 25, 26) . Three of these show Southern assays, from which we may judge the effect of chromosome tethering on the amount of plasmid recovered, in addition to how well the plasmids replicated. In all three studies, a loss of plasmids in the absence of tethering can account for much of the reduction in replicated plasmid, though not all of it: after 4 days in HeLa cells (see Fig. Fig. 7 in reference 10), after 3 days in C33A cells (see Fig. 4 in reference 26), and after 4 days in HEK293 cells (see Fig. 5 in reference 19 ). In two of the studies, some plasmid replication was seen in the absence of any tethering potential (10, 26) , and in the third, high background hybridization might have obscured a modest amount of replication by the poorly retained plasmid (19) . The results suggest that replication might not be entirely dependent upon tethering, at least in some cell lines. If the transfected plasmids that survived in the cells up to the time of harvesting spent less time within nuclei, a possibility that was not investigated, then this combined with the reduced survival of untethered plasmids might account for the full reduction of measured replication. If so, then chromosome tethering need play no real role in plasmid replication per se.
A lack of clarity on this issue has confounded studies of another aspect of EBNA1's support of oriP function, namely, how EBNA1 recruits ORC to DS, which is not yet understood. Often it has been assumed that N-terminal domains of EBNA1, specifically LR1 and LR2, recruit ORC to DS (e.g., see reference 24). It seemed to us that this too might be wrong for the reasons mentioned above and for other reasons. This led us to perform cleaner and shorter assays for transient plasmid replication that minimize the contribution of tethering to plasmid survival, to examine the distribution of plasmids between nuclear and cytoplasmic fractions after transfection and to test whether a simple, well-defined chromosome-binding domain could functionally replace EBNA1's N-terminal domains. The results lead to the intriguing conclusion that plasmids must tether to chromosomes within interphase nuclei to be replicated efficiently and that the only function of EBNA1's N-terminal domains that is critical to replication is tethering to chromosomes.
MATERIALS AND METHODS
Cell lines, plasmids, and EBNA1 mutants. HEK293 and 143B cells are available from the American Type Culture Collection, Atlanta, GA, although the cells used here, obtained from Bill Sugden, grow and transfect somewhat differently from the same lines obtained from the repository. EBNA1-expressing 143B cells are 143B/SVoB-H2.9 clone 4 (27) . All sequences of plasmids and the primers used for their construction will be made available on request. pHEBo, carrying oriP and the hph (hygromycin B phosphotransferase) gene linked to the herpes simplex virus thymidine kinase (HSVtk) promoter and its derivatives lacking DS or FR have been described previously (16, 28) . p803 is pHEBo carrying the EBNA1 gene expressed from the Rous sarcoma virus LTR; it is identical to p367 (29) , except that codons 382 and 383 of the EBNA1 gene were changed to synonymous codons to make a BglII site. Mutations in EBNA1 between codons 16 and 376 were introduced using specific PCR primers that included the AvrII site at codons 13 to 15 and the BglII site. EBNA1 mutant dn1160 was originally called N⌬450 -641 (30) . A plasmid expressing dn1160 (p1160), a comparable plasmid expressing wild-type EBNA1 (p1553), and plasmids encoding the EBNA1 deletion of residues 64 to 89 (p3015) and EBNA1 with randomized codons 394 to 453 (p2774) (31) were obtained from Bill Sugden. Mutant EBNA1 proteins could be tested easily for expression after transient transfection of 293T cells, because the plasmid vector contains the simian virus 40 (SV40) replication origin. EBNA1 was detected by immunoblotting using rabbit IgG against the EBNA1 DNA-binding domain (Cyto-Barr, Zuidhorn, The Netherlands) and peroxidase-conjugated goat anti-rabbit IgG and chemiluminescent detection (Pierce.).
Plasmid replication assays. Adherent cell lines were grown in Iscove's modified Dulbecco's medium (IMDM) with 9% fetal bovine serum and gentamicin, all from Life Technologies (Invitrogen). Cells were transfected in 6-cm dishes by the calcium phosphate method as described previously (16) with 2.5 g DNA per dish when using a single plasmid or 2 g of a plasmid with oriP components plus 0.75 g of a plasmid to express EBNA1. The cells were shocked with glycerol at a concentration of 20% (143B) or 10% (HEK293) in complete medium for 2.5 min at room temperature after 4.5 to 5.5 h of incubation with the calcium phosphate-DNA coprecipitates. Transient transfections were considered to begin with the glycerol shock, since most of the DNA uptake occurs at this point (32) . Cells were removed from plates the next day using trypsin, suspended in 4 ml of phosphate-buffered saline (PBS) containing 1 mM EDTA and 1% serum, pelleted at 200 ϫ g, and then washed again in PBS-EDTA without serum. Cells from one 6-cm plate were transferred to two 10-cm plates, which were combined later for the recovery of plasmids using the alkaline lysis method, as previously described (16) . One-quarter of the recovered plasmids was analyzed for resistance to DpnI as described previously (16) .
To select cells stably carrying plasmids, one-tenth of the transfected cells were transferred to 6-cm dishes the day after transfection, and the following day, hygromycin B (Sigma-Aldrich) was added to the growth medium at nominal concentrations of 250 g/ml initially, raised to 280 g/ml after 3 days, and raised to 350 g/ml after 3 more days. (The supplier listed the active drug concentration as Ϯ20%, so the true concentration was not known.) This gradual selection eliminated any viable cells from untransfected control plates by 7 to 8 days, while allowing the colonies that grew more slowly with certain plasmids to expand. The colonies carrying p803 (functionally wild-type EBNA1) covered the surface of the dishes after 1 week of selection; these were kept in the same dishes with frequent changes of medium for another 6 days while waiting for colonies in the other plates to expand. After 13 days of selection, a portion of cells from each plate was transferred to 10-cm plates, grown without selection until the plates were full, and harvested by alkaline lysis 17 to 20 days after transfection. One-fourth of each sample was run on a 0.7% agarose gel, which was stained with ethidium bromide after electrophoresis.
Recovery of plasmids from cytoplasmic and nuclear fractions. Cytoplasmic and nuclear fractions were prepared using two methods. For method 1, cells grown in two 10-cm plates were lysed and rinsed off the plates using 2 ml per plate of ice-cold high-sucrose buffer A (320 mM sucrose, 5 mM MgCl 2 , 10 mM Tris HCl [pH 8.0]) containing 1% (vol/vol) Triton X-100, vortexed at high speed for 5 min in a 4°C cold room, and centrifuged at 260 ϫ g for 5 min at 4°C in a swing-out rotor. The supernatant (cytoplasmic) and pellet (nuclear) fractions were then processed as described below. Method 2 followed the procedure of Belgrader et al. (33) . Cells were harvested as described above using iso-high-pH buffer (140 mM NaCl, 1.5 mM MgCl 2 , 10 mM Tris-HCl [pH 8.4]) containing 0.5% (vol/vol) Nonidet P-40. The nuclear pellets were then washed twice in the same solution, and the nuclei were suspended in 200 l of iso-high-pH buffer containing 0.33% sodium and 0.66% Tween 80 and sedimented through a sucrose cushion as described previously (33) . The cytoplasmic fractions were adjusted to 200 mM NaCl-5 mM EDTA, treated with 4 ml of a 1:1 mixture of phenol and chloroform, and then combined with an equal volume of isopropanol to precipitate nucleic acids. The precipitates were dissolved in 0.4 ml water, combined with 16 l of 5 M NaCl, treated with 200 l of phenol-chloroform, and precipitated with 0.8 ml ethanol. Pellets were rinsed with 70% ethanol, dried, and dissolved in 50 l of water. The nuclear pellets were suspended in 3.8 ml of 15 mM EDTA (pH 8.0) and then dissolved by adding 0.24 ml of 10% SDS (to a concentration of 0.6%) while quickly mixing. Most of the chromosomal DNA was then removed using the Hirt procedure, by gently mixing in 1 ml of 5 M NaCl, leaving the mixture on ice for 4 to 16 h, and then centrifuging it at 10,000 ϫ g for 1 h at 4°C. DNA was purified from the supernatants as described above for the cytoplasmic fractions.
RESULTS

EBNA1's tethering domains are needed for efficient replication of DS-containing plasmids that are within nuclei.
To explore the role of EBNA1's N-terminal domains in plasmid replication, we sought conditions for a transient transfection assay that would minimize contributions of chromosome tethering by EBNA1 to plasmid survival. First, we chose a cell line, HEK293, that retains transfected plasmids unusually well. Second, we tested plasmids that carry only DS, eliminating the role of FR in retaining plasmids within nuclei. In HEK293 cells, plasmids carrying only DS replicate as well as plasmids carrying oriP for a few days after transfection, not requiring nuclear retention by FR (26) . Third, we harvested plasmids after brief periods that still allow good replication signals, 48 to 63 h after transfection. Finally, we were able to show that essentially all of the plasmids recovered from cells after transfections had been taken up by the cells and in fact had been recovered from nuclei. Apparently, any plasmids lost to the cytoplasm are rapidly degraded.
Cells that have been transfected using calcium phosphate coprecipitates can be washed subsequently with PBS-EDTA to dissolve and remove any external calcium phosphate-DNA particles. When this is done, we find that the plasmids used to transfect cells are recovered almost entirely within the nuclear fraction of cells as early as a few hours after transfection and from then on. Similar results have been obtained using two different, common methods to separate nuclei from the cytosol using nonionic detergents (Materials and Methods.) An example is shown in Fig. 2A . More than 99% of a plasmid recovered from HEK293 cells 59 h after transfection appeared in the nuclear fraction, with less than 0.5% appearing in the cytoplasmic fraction. The plasmid used, pHEBo, contains oriP, but EBNA1 was not present to support it. Thus, plasmids that survive within transfected cells have been within the nuclei of cells, effectively for the duration of the experiment, regardless of whether they have been tethered or have replicated.
Using this transfection protocol, plasmids carrying only DS or only FR of oriP were tested together with plasmids expressing either functionally wild-type EBNA1 or dn1160, a dominant-negative derivative of EBNA1 that is little more than the DNA-binding domain (originally called ⌵⌬450 -641 [30] ). Shown in Fig. 2B are Southern analyses of the recovered plasmids cut with HindIII Cotransfected plasmids used to express wild-type (WT) EBNA1 (WT), the EBNA1 DNA-binding domain (DBD) (dn1160), or a mutant EBNA1 unable to bind DNA (mut) produced the additional bands seen in the lower blot. The plasmid used to express wild-type EBNA1 lacks a HindIII site, so it remained primarily in the supercoiled form. *, average of six transfections (SD, 3.5%).
to linearize them and with DpnI to reveal replicated, DpnI-resistant plasmids (upper image); also shown is a smaller portion of each sample cut with HindIII to reveal the amount of recovered plasmid (lower image). The fraction of plasmids that had replicated in each sample was calculated by dividing the signal from the DpnI-resistant form by the signal from the total recovered plasmid (after correction for loading and, when done on separate blots, in relation to known standards). The plasmid carrying DS of oriP replicated well in the presence of wild-type EBNA1, with 8.0% of the retained plasmid molecules, on average, being fully resistant to DpnI (lanes 3). dn1160 also supported replication of the plasmid carrying DS, but did so inefficiently; only 1.5% of the retained plasmid DNA had replicated, on average (Fig. 2B, lanes  4) . Note that the amounts of plasmids retained by the cells were similar in both cases. From this, it appears that the N-terminal domains of EBNA1 are needed to support efficient replication from DS of oriP on plasmids that are within the nucleus.
It is significant that the DNA-binding domain of EBNA1 alone (mutant dn1160) supported some replication from DS, at 17% of the efficiency seen with functionally wild-type EBNA1 (the average of 6 transfections; standard deviation [SD], 3.5%). This replication was indeed due to dn1160 EBNA1, because a mutant EBNA1 incapable of binding to DNA did not support replication at a detectable level (Fig. 2B, lanes 5 ). Replication due to dn1160 was specific for DS, since dn1160 did not support detectable replication of a similar plasmid carrying FR of oriP (with its 20 EBNA1-binding sites) but lacking DS (lanes 1). The implication is that the DNA-binding domain of EBNA1 alone has some capacity to recruit ORC to DS.
A third point to note here is that wild-type EBNA1 supported the replication of the plasmid carrying only FR of oriP (without DS) at a very low, but detectable, level (lanes 1), while dn1160 EBNA1, lacking the chromosome-binding domains, did not (lanes 2). Presumably, replication of this plasmid is initiated at nonspecific sites, as was shown for plasmids carrying FR and randomly chosen DNA segments from heterologous sources, while depending on FR and EBNA1 for stable plasmid maintenance (34) . Yet, under the conditions of this transient replication assay, EBNA1 and FR did not noticeably increase the amount of retained DNA. This suggests that tethering of plasmids to human chromosomes by means of FR and EBNA1 increases the efficiency of replication initiation at non-DS sites as well.
In some cell lines, DS activity requires FR in cis. DS must have some capacity to tether plasmids to host chromosomes in the presence of EBNA1 because the presence of two or more copies of DS allows plasmids lacking FR to be maintained rather stably under selection (13) . The results presented above and those to follow suggest that this weak tethering by DS is enough to support efficient replication in some cell lines in the absence of FR, namely, HEK293 (16) and derivatives of HeLa (12) . (In one study, FR was even found to reduce replication efficiency in HEK293 cells [35] , but this was probably a context effect of the particular plasmid vector used, since it is not seen with the plasmids used here or in the other studies [12, 16] .) However, in some cell lines, DS cannot support significant plasmid replication even transiently in the absence of FR of oriP, as was first reported for the EBV-positive Burkitt's lymphoma cell line, Raji (13). It has not been determined whether this apparent need for FR is a direct one or whether FR is needed simply to maintain the plasmids in nuclei long enough for replicated plasmids to survive and accumulate. The following experiments address this question using the human osteosarcomaderived cell line 143B.
As with HEK293 cells, transfected plasmids are found entirely in the nuclear fraction of 143B cells under the protocol mentioned above (data not shown). The upper image of Fig. 3A shows a Southern assay for plasmids retained by cells 50 h after transfection of a derivative of 143B that constitutively expresses EBNA1. EBNA1 can increase the apparent transfection efficiency of FRcontaining plasmids in some cell lines, particularly if the cells contain EBNA1 before the FR-carrying plasmid is introduced. The plasmid pHEBo, which contains oriP, was retained at higher levels than its derivative lacking FR or the vector alone, which were detected at ϳ25% and ϳ20% of the level of pHEBo, respectively. DpnI resistance assays, seen in the middle and bottom images of the figure, revealed that the plasmid containing DS replicated so poorly that the DpnI-resistant form was difficult to detect, while replication of the vector itself could not be detected. Quantitative analysis of the images revealed that DS supported replication only 2.5% as effectively as did oriP, even after correction for the lower level of plasmid retained by the cells. Clearly FR is required for efficient DS-dependent replication in 143B cells, even for the plasmids that are retained in nuclei. The results that follow suggest that FR contributes to replication from DS by tethering plasmids to the cell's chromosomes.
A simple nucleosome-binding domain restores full replication and maintenance activity to the EBNA1 DNA-binding domain. From the above observations, it seemed possible, and indeed likely, that the N-terminal domains of EBNA1 contribute to initiation of replication at DS in the same way that they prevent the loss of plasmids from nuclei, by tethering plasmids to cellular chromosomes. To test this idea, we replaced most of the N-terminal two-thirds of EBNA1, including both chromosome-binding domains, with a 22-amino-acid segment from the N terminus of the LANA protein of KSHV, which binds to nucleosomes. This small domain of LANA binds stably to chromatin through a welldefined interaction with histones H2A and H2B at an exposed acidic pocket of the nucleosome core (6) . It can target green fluorescent protein (GFP) to metaphase chromosomes, it enables LANA to tether plasmids containing the KSHV terminal repeats (to which LANA binds at specific sites) to human mitotic chromosomes, and it is necessary for the detection of efficient LANAdependent replication from the KSHV terminal-repeat origin in transient-transfection assays (6, 36, 37) . The structures of the LANA-EBNA1 hybrid protein and some derivatives are shown in Fig. 4A , along with a test for levels of expression in Fig. 4B . Deletions between amino acids 16 and 376 of EBNA1 in some cases resulted in proteins that were expressed very poorly (e.g., 1020, which lacks both AT hook regions). The substitution of LANA residues 2 to 22 for EBNA1 residues 16 to 376 led to stable expression though.
We first tested the plasmids that express these mutants (and also contain oriP) in 143B cells transiently transfected, because of the strict dependency of replication on tethering in these cells. With wild-type EBNA1 and with 1022, in which LANA residues 2 to 22 replace residues 16 to 376 of EBNA1, most of the plasmids recovered from cells 96 h after transfection had replicated (Fig.  4C) . In fact, 1022 led to a higher recovery of replicated plasmids than did wild-type EBNA1 in this and similar experiments using transient transfection (data not shown). The human protein IL33 contains near its amino terminus a nucleosome-binding domain that is homologous to LANA residues 2 to 22 and binds nucleosomes similarly (38) . Substitution of this homologous region, residues 40 to 58 of IL33, for residues 16 to 376 of EBNA did not result in a stable protein. Insertion of a longer region of the IL33 N terminus, residues 1 to 65, gave better expression, although stability appeared still to be a problem; the protein supported plasmid replication to a significant degree (plasmid 1040) (Fig. 4B and C) . A methionine at position 6 and a leucine at position 8 of LANA make hydrophobic contacts in the acidic pocket of the histone H2A-H2B dimer (6), and changing either to an alanine at the homologous positions of IL33 was shown to impair binding to chromosomes (38) . Each mutation, when introduced into 1022, nearly eliminated plasmid replication (Fig. 4C, 1029 and 1030.) .
Clearly, the nucleosome-binding domain of LANA can functionally replace both chromosome-binding domains of EBNA1. Wondering whether chromosome binding is the only essential function that is not provided by the EBNA1 DNA-binding domain in supporting replication from oriP, we deleted all but 9 of the 64 amino acids between the nuclear localization sequence and the DNA-binding domain of 1022. The region includes binding sites for USP7 and CK2 and a phosphorylation site for Cdk2 (Fig.  1) (39-41) , with evidence that the latter plays a role in oriP function in BJAB cells (40) , although deletion of the site of interaction hardly mattered in 143B cells (29) . The resulting construct, 1024, containing the LANA nucleosome-binding domain but lacking residues 387 to 450 of EBNA1, was much less active than 1022, although it still showed significant activity. Kennedy et al. randomized the amino acids in this region to test whether its apparent role in transcriptional activation was to provide a flexible joining segment between the DNA-binding domain and N-terminal domains that activate transcription (31) . This randomized segment of amino acids 393 to 454, when substituted into 1022 resulted in activity similar to that of wild-type EBNA1, although still noticeably below that of 1022. Neither the deletion nor the randomization of this region affected the level of protein expression (data not shown), as found previously (31) .
To test how well the LANA nucleosome-binding domain would support the EBNA1 DNA-binding domain to maintain the plasmid under genetic selection, 143B cells transfected with p1022 and p803 (wild-type EBNA1) were grown in the presence of hygromycin B. The plasmids, derived from p367 (29) , carry the hph (hygromycin phosphotransferase) gene expressed from the HSVtk promoter, which is very weak in this context but is strongly enhanced by EBNA1 binding to FR of oriP (42) . The enhancer activity of FR requires the zinc finger and AT hook regions of regions LR1 and LR2 of EBNA1, which also bind to chromosomes (7, 19, 20, 22, 31) . With these regions replaced by LANA residues 2 to 22 in p1022, emerging hygromycin B-resistant colonies carrying this plasmid grew more slowly than colonies carrying p803 expressing wild-type EBNA1. Colonies emerged in very high numbers with both plasmids, though, and at least 20 times more efficiently than occurred with plasmids lacking a functional EBNA1 gene. For comparison, we tested a plasmid for which EBNA1 lacks the zinc-binding region (amino acids 65 to 89), expecting plasmid maintenance and replication at normal levels without any transcriptional activation from EBNA1 (26, 31) . Col- onies carrying this plasmid emerged at a high frequency and grew somewhat more slowly than those obtained with p1022. After 13 days of culture in the presence of hygromycin B, cells were transferred to new plates and grown without selection for 3 to 6 more days before plasmids were harvested.
Except for negative controls, the plasmids were maintained at levels high enough to be visible by ethidium bromide staining of an agarose gel following electrophoresis (Fig. 5, lower image) . A Southern blot of the gel is shown above. p1022, for which the LANA nucleosome-binding domain replaces the EBNA1 chromosome-binding domains, was recovered at the highest level, estimated to be at least 100 copies per cell by quantification of the radiometric image. Wild-type EBNA1 and EBNA1 lacking the zinc finger region supported plasmid levels of about 40 and 25 copies per cell, respectively. About 10% of p1022 molecules accumulated as multimers, and the same fraction of multimers accumulated with EBNA1 lacking the zinc finger region. We estimated that at most 2% of p803 molecules, expressing wild-type EBNA1, accumulated as multimers; only a faint band at the position of a plasmid dimer could be resolved, representing much less than this amount. It has not been explored whether the higher proportion of multimeric plasmids arose due to selective pressure (for expression of the hph gene or for mitotic stability) or due to a higher rate of recombination between plasmids.
DISCUSSION
Two issues have clouded the long-held suspicion that efficient duplication of EBV-derived plasmids during S phase might require tethering by EBNA1 to host chromosomes. One has been the problem of determining how much of the apparent requirement for EBNA1's tethering domains might be simply to prevent the loss of plasmids from nuclei during mitosis. The other has been uncertainty as to whether the same regions of EBNA1 that bind to chromosomes also are needed to recruit ORC. This study resolves both issues. EBV-derived plasmids appear to replicate only very inefficiently unless tethered to chromosomes within the interphase nucleus.
While untethered plasmids are mostly lost from cells within a few cell divisions following transfection, we find that the plasmids are detected almost exclusively in the nuclear fraction between a few hours and a few days after transfection. This suggests that any plasmids that are lost to the cytoplasm during mitosis are quickly degraded. We interpret this to mean that untethered plasmids that are recovered from cells a few days after transfection-those that have managed to survive-have spent as much time within nuclei as tethered plasmids. Since plasmids replicate very poorly without tethering, all of this implies that tethering to chromosomes within interphase nuclei plays an important role in plasmid replication. One caveat is that if untethered plasmids were lost to a cytoplasmic compartment but were for some reason to adhere to nuclei during the separation of cytoplasmic and nuclear fractions, the plasmids would only appear to be within nuclei and the effect of tethering might indeed be entirely that of keeping the plasmids within nuclei. While this seems unlikely, the caveat cannot be ruled out entirely at this time. Consistent with our favored interpretation though, Lechardeur et al. found that plasmids directly microinjected into the cytoplasm of HeLa cells were degraded with a half-life of 50 to 90 min (43) , and Wang and Sugden found that plasmids were recovered primarily with the nuclear matrix fraction days after transfection, regardless of the presence or absence of oriP (44) . In addition, the magnitude of the effect that tethering has on plasmid replication seems to argue against nuclear retention being the only role of tethering.
The possibility that the chromosome-binding domains of EBNA1 might be required in any direct manner to recruit ORC now seems remote, because oriP is fully supported by a derivative of EBNA1 lacking its own chromosome-binding domains but containing the nucleosome-binding domain of LANA of KSHV, which is only 22 amino acids long. Only the DNA-binding domain of EBNA1 is entirely essential to support replication from DS, it can do so inefficiently on its own, and all it appears to need to approach full activity is the addition of any chromosome-binding domain. As discussed previously (15) , an exact, tight spacing between adjacent EBNA1-binding sites is what makes DS a replication origin, so a precise structure formed there by adjacent EBNA1 DNA-binding domains would appear to be the key to recruiting ORC.
An insightful study by Hung, Kang, and Kieff in 2001 presaged this conclusion by showing that the DNA-binding domain of EBNA1, if fused to either of two chromosome-binding proteins, histone H1 or HMGA1, would support full replication and maintenance functions of oriP (9) . However, it was subsequently reported that HMGA1 can interact with ORC and, when fused to the tet repressor and directed to a cluster of sites on a plasmid, can make a functional replication origin, albeit an inefficient one compared to DS (45) . Such properties have not been reported for histone H1, though, and in any case are unlikely to be shared by the 22-amino-acid nucleosome-binding domain of LANA.
Moriyama recently reported promising in vitro studies of the recruitment of ORC and CDC6 to DS (46 With regard to KSHV-derived plasmids supported by LANA, a connection between chromosome tethering and replication has been more apparent than it has for EBV-derived plasmids, because the essential chromosome-binding domain of LANA has been so clearly defined (6) . A pair of adjacent LANA-binding sites, present in each ϳ800-bp terminal repeat copy on the viral genome, serve both as a tethering site for mitotic stability and, together with some adjacent sequences, as a LANA-dependent replication origin (3). The nucleosome-binding domain within the first 22 amino acids of the amino terminus is essential for plasmid maintenance and targeting of GFP to chromosomes (36) . In tests for LANA-dependent transient replication of terminal-repeatcontaining plasmids, the nucleosome-binding domain seemed to be essential in BJAB, a B-lymphoma cell line (36) , but the DNAbinding domain by itself showed very clear, though weak, activity in HEK293 cells in another study, being 20% as active as the wild type (37) . Perhaps the dependence of replication on tethering might be less strict in some cell lines (HEK293) than it is in others, as suggested by our own experiments with EBV-derived plasmids.
An intriguing (and all but forgotten) fact is that while DS is fully active without FR in some cell lines (HEK293 and HeLa) (12, 16) , in the B-lymphoma cell line Raji, it was virtually inactive without FR (13) . Because plasmids lacking FR were retained very poorly by Raji cells, it has not been clear whether FR is needed for replication per se. Here we found that in an osteosarcoma-derived cell line, 143B, DS supported plasmid replication just 2.5% as well without FR as with FR, even after taking into account the reduced survival of plasmids lacking FR. Presumably, FR is supporting plasmid replication by tethering to chromosomes during interphase. FR has no significant activity as a replication origin and does not recruit ORC (11-13, 42, 47) , but of course it tethers plasmids to chromosomes during mitosis, which is essential for mitotic stability in all cell lines. DS has weak tethering ability, since multiple copies of it provide stable plasmid maintenance (13) . Perhaps the relatively weak tethering by DS is sufficient for replication in HeLa and HEK293 but not in other cell lines, such as Raji and 143B, where a tighter association with chromosomes might be required. This issue has not been explored, but it would not be surprising if the strong dependency of replication on tethering by FR turned out to be representative of more normal cells, given that HEK293 (48) and HeLa (49) cells carry the potent transforming oncogenes of adenovirus 5 and human papillomavirus 18. A requirement that plasmids be tethered to host chromosomes in order to replicate efficiently suggests that not all spaces within the nucleus are suitable for some aspect of origin function or replication. It suggests that subcompartments exist that are favorable for DNA replication and that untethered plasmids usually fail to reach these sites on their own. In principle this could apply to the recruitment of ORC and origin licensing during G 1 phase or to origin firing and replication during S phase. The former does not seem so likely given the abundance of replication origins on mammalian chromosomes and the rapid mobility of ORC observed in photobleaching experiments (50) . Replication of mammalian chromosomes, though, takes place in numerous concentrated foci, each focus suspected to contain on the order of 6 to 12 contiguous replicons firing synchronously on a single chromosome (51) (52) (53) . As replication follows a temporal pattern, most replicons are inactive most of the time during S phase. Conceivably, an isolated plasmid might miss out if not tethered.
